Introduction
Cancer is a global problem with a large number of people being affected and the estimates indicate an increase of 70 % in cases by the end of next 2 decades [1] . Despite the availability of synthetic or semi-synthetic drugs, continued efforts are required to identify naturally occurring safe anticancer compounds that are free from side effects. Plants contributed more than 50 % of anticancer molecules that are being used in the treatment [2, 3] . The genus Andrographis belonging to the family Acanthaceae includes various species of medicinal importance and most of them are endemic to India. Andrographis paniculata (Burm.f.) Nees is well known and extensively studied at the molecular level [4, 5] for its various clinical applications and is being used widely in the preparation of Ayurveda, Siddha, and Unani medicines. The drug lead molecules such as andrographolide and neoandrographolide isolated from this plant exhibited potent anticancer properties [6] [7] [8] . Other species like Andrographis lineata Nees, Andrographis nallamalayana J.L.Ellis, Andrographis serpyllifolia (Vahl) Wight, etc. were reported to show antihyperlipidaemic [9] , antipsoriatic [10] , and anti-inflammatory [11] activities. However, Andrographis glandulosa Nees found in and around forests of the Cuddapah and Nellore districts of Andhra Pradesh, India, [12] is one of the species that remains unraveled for medicinal importance and chemical constituents.
The focus on the discovery of plant-derived substances followed by biological screening, identification of therapeutic activity, mode of action, and relevant molecular targets led to the identification of potent anticancer molecules such as Vinca alkaloids, curcumin, taxol, etc. Usage of taxol for cancer treatment resulted in drug-resistance over a time period besides preventing mitotic spindle formation in healthy cells causing severe side effects [13, 14] .
To overcome or minimize the negative effects of the treatment on normal cells, studies to identify novel plant based substances are essential. To date, few species from the genus Andrographis have been assigned with DNA barcodes [15] and exploited for their chemical constituents with various pharmacological activities. The present study, the first of its kind, focused on the profiling of secondary metabolites and determining the structure of major bioactive compounds in addition to evaluating their potential anticancer activity.
Results and Discussion
The negative ion ESI-MS spectra of AGME, obtained from both instruments, consistently showed 2 major peaks appearing at m/z 285.0749 (elemental composition of C 16 H 14 O 5 ) and 283.0595 (elemental composition of C 16 H 12 O 5 ; ▶Fig. 1). The accurate mass values of these 2 major peaks, when subjected to metabolite search in online databases, such as Metlin (http://metlin.scripps.edu/index. php), The Human Metabolome Database (http://www.hmdb.ca./ spectra/ms/search), and Metacyc (http://metacyc.org/cpd-search. shtml), revealed that these ions belong to deprotonated molecules, [M-H] -of flavonoids. Similarly, plausible structures derived for all minor peaks are presented in ▶ table 1. Accurate m/z values obtained in LC-MS analysis and classification of these metabolites using online database search revealed that AGME is rich in flavonoids consisting of both free aglycones and/or glycosidic conjugates.
LC-total ion current chromatograms (TICC) from triplicate runs consistently showed 2 major peaks at 18.87 and 25.07 min (▶ Fig. 2) . The negative ion ESI spectrum of the peak eluted at 18.87 min showed an ion of m/z 285, and the peak eluted at 25.07 min showed an ion of m/z 283 which conformed to respective m/z values obtained from direct ESI-MS analyses. The 2 components were successfully isolated by preparative HPLC, and the compounds eluted at 18.87 and 25.07 min were labeled as compound 1 and compound 2, respectively. The LC-MS analysis of the isolated compounds showed single peaks (data not shown). Purified compounds 1 and 2 with > 95 % purity were analyzed by NMR and MS/MS techniques for elucidating their structures.
The 13 C NMR spectrum of compound 1 displayed 16 carbon signals. The 1 H NMR signals at δ 5.73 (1H, dd, J = 3.0, 12.9 Hz), δ 3.02 (dd, J = 12.09, 17.20 Hz) and δ 2.85 (dd, J = 3.0, 17.20 Hz) assigned to H 2 , H 3 -axial, and H 3 -equitorial, respectively, correspond to the flavanone basic skeleton. Coupling constant values between H 2 , H 3 -axial , and H 3 -equitorial revealed a stereochemistry at C-2 assigning R configuration. 13 C NMR spectra recorded chemical shift values at δ 76.01 and 42.62 for C 2 and C 3 , respectively. 2 meta-coupled aromatic doublets (d, J = 2.3 Hz) at δ 6.06 and δ 6.11 for H 6 (δ C 94.89) and H 8 (δ C 95.74) showed the meta-substitution pattern on ring 'A'. A sharp singlet peak in the up field region at δ 3.82 (3H, S), δ C 56.22 represents the presence of one methoxy group on ring 'A' at C-7 position. A set of 4 signals at δ 7.47 (dd, 1H, J = 7.5, 1.7 Hz), δ 7.17 (ddd, 1H, J = 7.5, 8.2, 1.7 Hz), δ 6.89 (ddd, 1H, J = 7.5, 7.5, 1.2) and δ 6.82 (1H, dd, J = 8.2, 1.2 Hz) correspond to 4 adjacent aromatic protons on ring 'c' and were assigned as H 6 ', H 4 ', H 5 ', and H 3 ', respectively. This data revealed a C-2' substituted ring 'c' and their corresponding 13 C NMR analyses disclosed the chemical shift values at δ 116.14, 127.60, 130.33, and 120.62 (▶ table 2). The UV absorption maximum at 281 nm revealed a flavanone basic skeleton. The above data assign the structure of compound 1 as 2',5-dihydroxy-7-methoxyflavanone (▶Fig. 3).
The 13 C NMR spectrum of compound 2 showed 16 carbon signals. 1 H NMR spectrum showed one sharp 'singlet' at δ 7.24 (specific to flavones) without any further splitting ascribing as H 3 proton on ring b, and its corresponding δ C at 111.10 ppm. 2 meta-coupled aromatic doublets (d, J = 2.3 Hz) at δ 6.67 and δ 6.36 for H 6 (δ C 94.4) and H 8 (δ C 99.76) showed the presence of meta-substitution pattern on ring 'A'. The spectrum also showed one sharp singlet peak in the up field region at δ 3.87 (3H, S), δ C 57. Flavonoids are polyphenolic compounds which are known to exhibit a wide range of pharmacological activities and are considered as prospective compounds for cancer therapy [16] . A considerable number of in vitro and in vivo studies have been carried out using natural flavonoids to establish the correlation between the flavonoid structure and their activity. In an earlier study, the flavonoids apigenin and chrysin having flavone basic skeletons exhibited potent anticancer activity. Apigenin was found to be effective in multiple ways, by inhibiting protein kinase C, phosphatidylinositol 3-kinase (PI 3-kinase a) and also by blocking of the cell cycle at G2/M phase; whereas, chrysin was found effective in inhibiting topoisomerase II activity [17] . Similarly, another flavone, luteolin, was found to inhibit growth of HAK-1B hepatoma cells in xenografted mice by targeting signal transducer and activator of transcription 3 gene (STAT 3) by either ubiquitin dependent degradation in Tyr 705 -phosphorylated STAT3 and/or by down-regulation in Ser 727 -phosphorylated STAT3 through inactivation of CDK5, triggering apoptosis via up-regulation of Fas/CD95 [18] . Flavonoids are known to inhibit the action of CYP450s involved in the metabolic activation of procarcinogens and are also known to activate the enzymes like UDP-glucuronyl transferase, quinone reductase, and glutathione-S-transferase that are involved in detoxification and elimination of carcinogens [19] . A wide diversity in the structural patterns of flavonoids with varied targets provides a greater opportunity for identifying effective pharmacophores with potential anticancer properties. Flavonoids isolated from medicinal plants such as Andrographis lineata Nees [20] , Cassia tora L. (Leguminosae) [21] , and Glycyrrhiza inflata Batalin (Leguminosae) [22] exhibited potent anticancer activity. Flavonoids were found effective in inducing apoptosis, [23] arresting cell cycle by disrupting the mitotic spindle formation [24] , and inhibiting angiogenensis [25, 26] in various cancers. In another study, a herbal formulation (Shemamruthaa) rich in flavonoid content was found effective in inhibiting the proliferation of breast cancer cells [27] . Flavonoids such as quercetin, luteolin and 3-O-methylquercetin, isolated from Achyrocline satureioides (Lam.) DC. (Compositae), were found promising for cancer therapy [28] . Effects of purified compounds on MMP and apoptosis are presented in ▶table 3. HeLa cells treated with 57 or 117 µM of the purified compound 1 (2', 5-dihydroxy-7-methoxyflavanone) (▶Fig. 7) showed a loss of MMP in 26.5 % (▶ Fig. 7c ) or 54.8 % of cells (▶ Fig. 7d ) and the cells treated with 40 or 80 µM of the purified compound 2 (2', 5-dihydroxy-7-methoxyflavone) exhibited a loss of MMP in 34.1 % (▶ Fig. 7e ) and 87.7 % of cells (▶ Fig. 7f) . The cells treated with 50 µM of the positive control quercetin showed a loss of MMP in 24.3 % of cells (▶ Fig. 7b) . Similarly, the cells treated with 57 or 117 µM of the purified compound 1 (▶ Fig. 8 ) resulted in 14 % (▶Fig. 8c) or 50.6 % (▶Fig. 8d) of apoptotic cells and the cells treated with 40 or 80 µM of the purified compound 2 resulted in 30.4 % (▶Fig. 8e) or 69.6 % (▶Fig. 8f) of apoptotic cells. The cells treated with the positive control quercetin showed apoptosis in 32.5 % of cells (▶ Fig. 8b ). Apoptosis is a genetically programmed mechanism that can be induced through several molecular pathways. Mitochondria were found to play a key role in the process of apoptosis [29] . It was reported that prior to the common signs of nuclear apoptosis such as chromatin condensation and endonuclease-mediated DNA fragmentation, the cells exhibit reduction in the MMP ▶Fig. 6 Antiproliferative activity of purified flavonoids on 3 cancer cell lines. Treatment with different concentrations of purified flavonoids and standard compound quercetin. * p value < 0.01 was considered to be statistically significant (data is average of 3 replicates).
leading to the opening of mitochondrial permeability transition pores [30] . It was also shown that mitochondrial depolarization occurs by the release of cytochrome c from the mitochondria into the cytosol which forms an essential part of the apoptosome [31, 32] . Of the 2 compounds studied, flavone revealed a higher anticancer activity compared to that of flavanone owing to its potential resonance, efficient electron delocalization and its stable flat structure.
To understand the mechanism involved in apoptosis, activation of caspase 3 was evaluated by Western blotting. As compared to untreated HeLa cells, treatment with 50 µM of purified flavonoids for 24 h showed a drastic increase in the cleaved caspase 3 (▶ Fig. 9) . Purified flavonoids caused a loss of mitochondrial membrane potential and this change in membrane permeability results in the release of specific proteins such as cytochrome c responsible for the activation of caspase 9 which in turn cleaves zymogen procaspase 3 into p17 and p12. The oligomerizations of these cleaved subunits are known to result in the formation of active executioner caspase 3. Tetrameric active caspase 3 is known to cleave proteins such as caspase 2, caspase 6, nuclear lamin, nuclear-DNA-dependent protein kinase, and DNA fragmentation factor 45 responsible for apoptosis [33, 34] . In conclusion, this study, the first of its kind, unravels the medicinal importance of A. glandulosa as it is a rich source of bioactive flavonoids and the 2 purified flavonoids seem promising for the development of therapeutic formulations for treating cancer.
Materials and Methods

Ethics statement
Plants used in the present investigation are neither endangered nor protected species and specimens were collected from open areas not requiring any permits.
Preparation of plant extracts
Plants of A. glandulosa (voucher id: CNS04AG2013) were collected from the Cuddapah district. Identification of the species was done based on the taxonomic literature and authentication given by Deccan Circle, Botanical Survey of India. The plant materials were shade dried and cut into small pieces. The dried material (10 g) has been ground into fine powder and subjected to soxhlet extraction in 300 mL of 100 % methanol (Merck) at 65 °C. The resulting extract (AGME) was filtered using whatman filter paper and vacuum dried to remove trace amounts of methanol, if any.
Sample preparation for metabolite analysis
Methanol (1 mL) was added to the dried crude extract (2 mg), vortexed for 5 min and the resulting solution was centrifuged for 5 min at 10 000 rpm. The supernatant was transferred into another fresh vial and concentrated to 500 μL using Scanvac. The resulting solution was either immediately subjected for mass spectrometry analysis or stored in the refrigerator (4 °C) until further analyses.
Direct ESI-MS and ESI-MS/MS analyses
Direct ESI-MS analyses were performed on a high resolution Q-TOF mass spectrometer (Q-Star XL, Applied Biosystems). Prior to sample analysis, methanol was injected into ESI-MS as solvent blank to rule out the background peaks. The spectral data was processed using Analyst software. Methanol was used as a mobile phase with a flow rate of 30 µL/min and the samples were introduced into the source by the flow injection mode. Typical ESI conditions like 5.00 kV capillary voltage, 60 V declustering potential, 220 V focusing potential, 10 000 FWHM (Full Width at Half Maximum) as instrument resolution were employed. Analyses were carried out in triplicates under similar experimental conditions. For ESI-MS/MS analyses the precursor ion of interest was selected using the quadrupole analyzer, collisions were made with nitrogen gas in the collision cell and resulted product ions were analyzed by TOF analyzer. Spectra were recorded using a collision energy of 30 eV.
LC-MS and LC-photodiode array analyses
LC-MS and LC-photodiode array (PDA) analyses were performed on an Exactive Orbitrap mass spectrometer (Thermo Scientific) cou- pled with a Thermo Accela 600 UHPLC pump and an Accela autosampler (Thermo Scientific). The chromatographic separation was achieved on a Zorbax Eclipse Plus C18 column (4.6 × 150 mm, 3.5 µm; Agilent). 2-component mobile phase consisting of methanol and water in 65:35 (v/v) composition was employed under isocratic mode with a run time of 28 min. Injection volume and flow rates were 8 µL and 0.6 mL/min, respectively, while the column temperature was maintained at 25 °C. For MS analysis, the LC eluents were allowed to enter into a heated electrospray ionization (HESI) probe with typical operational conditions of 300 °C probe temperature, 280 °C capillary temperature, 85 V capillary voltage, 4.5 kV spray voltage, and 175 V tube lens voltage. Nitrogen was used as both auxiliary and sheath gas at a flow rate of 45 and 15 mL/min, respectively. Mass range m/z 100 to 1 000 and resolution of 40 000 (FWHM) was employed. For LC-PDA analyses, the LC eluents were allowed to enter a Photo Diode Array detector (Accela PDA, 80 Hz) operated at the range of ultraviolet-visible wavelength (200 nm to 600 nm) using Deuterium and Tungsten lamps. Data was acquired using Xcalibur software (Thermo Scientific).
Isolation of major compounds by preparative HPLC
The purification of both compounds corresponding to the 2 major peaks was carried out on a preparative HPLC (Waters) equipped with E0860F quaternary pump and PDA detector. Column specifications and mobile phase composition were same as mentioned in LC-PDA analysis. Dried methanolic extract of 100 mg was dissolved in 4 mL of pure methanol. A sample of 10 µL was injected and run for 30 min. To get a sufficient amount of each compound the experiment was repeated. At each run the first fraction was collected from retention time (RT) of 18.50 to 19.50 min, while the second fraction was collected from RT of 24.50 to 25.50 min. All the fractions collected for specific RT were pooled up in a round bottom flask. Rotary evaporation was done to get the compounds in a solid form free of solvent. The purity of the isolated compounds was authenticated by LC-MS analyses. The pure compounds were subjected to NMR, MS/MS analyses for structure determination and further evaluated for the anticancer activity.
NMR analyses
NMR analyses were performed on AV-III 500 and AV-II 600 MHz NMR spectrometers at room temperature using the compounds dissolved in Methanol-D 4 (CD 3 OD) solvent. Residual methyl signal of solvent was used as internal reference. All the chemical shifts were measured in a 1D NMR ( 1 H & 13 C NMR) spectrum and coupling constants were measured with resolution enhanced 1D spectrum. Chemical shift correlations were done using 1 H-1 H double quantum filtered correlation (DQFCOSY) and 1 H-13 C HSQC/HMBC spectra. These 2D spectra were processed with a Gaussian apodization in both dimensions.
SRB assay of purified flavonoids
The cell lines, HeLa (doubling time: 19 h), MIA PaCa (doubling time: 40 h), and U-87 (doubling time: 34 h) used in this study were procured from American Type Culture Collection (ATCC). Purified flavonoids and quercetin, as positive control, (Sigma #Q4951, ≥ 95 % purity) were evaluated for their in vitro anti-proliferative activity. Sulforhodamine B (SRB) cell proliferation assay was used to estimate cell viability after treating the cells with purified compounds for 48 h. All cell lines were grown in DMEM (containing 10 % FBS) in a humidified atmosphere of 5 % CO 2 at 37 °C. Cells cultured in T25 flasks were trypsinized after attaining subconfluent stage and seeded in 96-well plates in 100 µL aliquots at plating densities depending on the doubling time of individual cell lines. The microtiter plates were incubated at 37 °C, 5 % CO 2 , 95 % air and 100 % relative humidity. After 24 h of incubation, purified compounds with different concentrations (0.01, 0.1, 1, 10, and 100 mM) were added and incubated for 48 h. After 48 h of incubation at 37 °C, cell monolayers were fixed by the addition of 10 % (wt/vol) cold trichloroacetic acid and incubated at 4 °C for 1 h and were stained with 0.057 % SRB dissolved in 1 % acetic acid for 30 min at room temperature. Unbound SRB was washed with 1 % acetic acid. The protein-bound dye was dissolved in 10 mM Tris base solution and OD was measured at 510 nm using a microplate reader (Enspire, Perkin Elmer).
Analysis of flavonoid-induced mitochondrial membrane depolarization and apoptosis by flow cytometry
HeLa cells were cultured for 24 h in 12 well plates (3 × 10 4 cells/mL) and treated with 57 µM/117 µM of compound 1 or 40 µM/80 µM of compound 2 for 24 h. Quercetin (50 µM) was used as positive control. Media were removed from each well and washed with 1X PBS. Cells were trypsinized with 0.125 % Trypsin EDTA (Himedia #TCL042) for one minute and the cell pellet was collected by centrifugation at 300 × g for 2 min. Cells were resuspended in 6 mL of complete culture medium and the cell concentration was maintained at 2 × 10 4 cells/mL. From this 200 µL of cells were aliquoted into 1.5 mL eppendorf tubes and following the manufacturer's protocol, changes in the mitochondrial membrane potential (MMP) and percentage of apoptosis were determined by flow cytometry using Guava ® EasyCyte™ MitoPotential™ Kit (Cat. No. 4500-0250) consisting of 2 dyes JC1 and 7-amino actinomycin D (7AAD). For each treatment data was acquired for 5 000 cells.
Western blotting
HeLa cells were seeded in 6-well plates at 0.2 million cells per well in DMEM (containing 10 % FBS) and incubated in a humidified atmosphere of 5 % CO 2 at 37 °C. After 24 h of incubation the cells were treated with 50 µM of either of purified flavonoids or 100 µg of crude methanolic extract for 24 h. Cells were washed with 1X PBS and subsequently whole cell lysates were prepared in 150 μL of 1 × sample buffer (180 mM Tris-Cl pH 6.8, 6 % SDS, 15 % glycerol, 7.5 % β-mercaptoethanol, and 0.01 % bromophenol blue). Samples were immediately heated at 95 °C for 3 min. Equal volumes of samples were run on an SDS-12 % polyacrylamide gel and were transferred to nitrocellulose membrane by semidry transfer at 50 mA for 1 h. Blots were probed with specific antibodies of Caspase 3 (1: 2 000; IMG144A) and tubulin (as loading control) (1:5 000; Sigma #T5168) and stained with anti-mouse (Caspase 3) and antirabbit (tubulin) secondary antibody coupled with horseradish peroxidase (Sigma). Bands were visualized using an enhanced chemiluminescence protocol (Pierce) and radiographic film (Kodak). Developed radiographic film was scanned and band intensities were quantified using Image J software (www.imagej.en.softonic.com).
Statistical analysis
Statistical significance was calculated between the untreated control cells Vs treatments. Data are presented as mean ± standard error mean (SEM) and statistical analysis of data was performed by Unpaired-t test using graphpad software (www.graphpad.com).
